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Dirty hands: photodynamic killing of human
pathogens like EHEC, MRSA and Candida within
seconds†
Anja Eichner,a Fernanda Pereira Gonzales,a Ariane Felgenträger,a
Johannes Regensburger,a Thomas Holzmann,b Wulf Schneider-Brachert,b
Wolfgang Bäumlera and Tim Maisch*a
Hand hygiene is one of the most important interventions for reducing transmission of nosocomial life-
threatening microorganisms, like methicillin resistant Staphylococcus aureus (MRSA), enterohemorrhagic
Escherichia coli (EHEC) or Candida albicans. All three pathogens have become a leading cause of infec-
tions in hospitals. Especially EHEC is causing severe diarrhoea and, in a small percentage of cases, haemo-
lytic-uremic syndrome (HUS) as reported for E. coli 104:H4 in Germany 2011. We revealed the possibility
to inactivate very fast and eﬃciently MRSA, EHEC and C. albicans using the photodynamic approach.
MRSA, EHEC and C. albicans were incubated in vitro with diﬀerent concentrations of TMPyP for 10 s and
illuminated with visible light (50 mW cm−2) for 10 and 60 s. 1 μmol l−1 of TMPyP and an applied radiant
exposure of 0.5 J cm−2 achieved a photodynamic killing of ≥99.9% of MRSA and EHEC. Incubation with
higher concentrations (up to 100 μmol l−1) of TMPyP caused bacteria killing of >5 log10 (≥99.999%) after
illumination. Eﬃcient Candida killing (≥99.999%) was achieved ﬁrst at a higher light dose of 12 J cm−2.
Diﬀerent rise and decay times of singlet oxygen luminescence signals could be detected in Candida cell
suspensions for the ﬁrst time, indicating diﬀerent oxygen concentrations in the surrounding for the
photosensitizer and singlet oxygen, respectively. This conﬁrms that TMPyP is not only found in the water-
dominated cell surrounding, but also within the C. albicans cells. Applying a water–ethanol solution of
TMPyP on ex vivo porcine skin, ﬂuorescence microscopy of histology showed that the photosensitizer was
exclusively localized in the stratum corneum regardless of the incubation time. TMPyP exhibited a fast
and very eﬀective killing rate of life-threatening pathogens within a couple of seconds that encourages
further testing in an in vivo setting. Being fast and eﬀective, antimicrobial photodynamic applications
might become acceptable as a tool for hand hygiene procedures and also in other skin areas.
Introduction
In recent decades, the incidence of infections caused by multi-
drug-resistant Gram-positive and Gram-negative bacteria as
well as Candida albicans has considerably increased not just in
terms of morbidity and mortality, but also in terms of health
care budgets and prolonging treatment times. At this point,
methicillin-resistant Staphylococcus aureus (MRSA) is the most
prevalent pathogen in dermatology causing a broad range of
pyogenic, community-acquired (CA) and health care-associated
(HA), acute and chronic, superficial and deep skin infections
which can progress to life-threatening systemic infections. The
natural habitat of S. aureus in humans is the nasal cavity.1
Mostly via the hands MRSA colonises or contaminates wider
ranges of skin and mucous membranes. In total 20% of the
German population are permanently colonised with MRSA and
30–60% intermittently.2 Gram-negative enterohemorrhagic
Escherichia coli (EHEC) is an important zoonotic pathogen of
humans, causing severe diarrhoea (hemorrhagic colitis) and,
in a small percentage of cases, haemolytic-uremic syndrome
(HUS). A novel strain of E. coli 104:H4 caused a serious out-
break of food borne illness focused in northern Germany in
May through June 2011, but also aﬀected people in many
other European countries. The German Robert Koch Institute
(RKI) stated that 855 HUS diseases and 2987 EHEC gastro-
enteritis diseases were diagnosed yielding a total of 3842
cases. Antibiotic therapy has been discouraged after earlier
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experience indicating a danger of aggravating the disease due
to induced or enhanced release of Shiga-toxin and Verotoxin
which are critical for the disease and its complications.
Within the genera Candida, C. albicans is the most virulent
fungal specie, colonizing and infecting predominantly oral
mucosal layers.3 Therapeutic options for Candida infections
are limited, especially in immunocompromised hosts.
Fluconazole, introduced in 1988, has been widely used for
treating fungal infections; however, the recently emerged
resistance to this drug may limit its use in the future. The use
of fluconazol in HIV patients increased azole resistance, since
this drug has a fungistatic activity.4
Therefore successful inactivation, decolonisation or sterili-
zation of pathogenic microorganisms is one important goal in
a world of increasing multiresistant pathogens in fields like
the food industry and medicine.5–8 The use of UV is dangerous
and critical because it can damage the DNA structure and
induce mutagenesis.9 Chemical agents such as ethylene oxide
or hydrogen peroxide for sterilization are limited because of
their toxicity to eukaryotic cells.10,11 In clinical applications, a
successful decolonisation of MRSA strongly depends on the
compliance of the patients and the treatment protocol used.
Such a protocol usually consists of a triple therapy for five days
of daily nasal mupirocin ointment, chlorhexidine mouth rinse,
and full-body wash with chlorhexidine soap.12 Furthermore it
has been suggested that hygiene and hand-washing promotion
may be one of the most cost-eﬀective interventions for prevent-
ing infectious diseases. Recently Judah et al. could demon-
strate that 28% of the general adult population have bacteria
of faecal origin on their hands in the UK.13 This indicates the
importance of hands as routes of transmission of bacteria not
only of potential faecal origin but also of multi-resistant patho-
gens in the broad population and emphasises the development
of new techniques for eﬃcient inactivation of such pathogens.
Recently photodynamic treatment of microorganisms has
been shown to be very eﬀective in vitro as well as in vivo.14–19
Photodynamic inactivation of microorganisms is based on the
concept of positively charged photosensitizers that can attach
and/or accumulate in or at the pathogen to induce irreversible
damage upon light activation of the photosensitizer.20,21 The
absorption of light by a photosensitizer leads to the generation
of reactive oxygen species such as singlet oxygen which
induces irreversible oxidative damage of the pathogens during
illumination.22 The presence of multiple positive charges
enables the photosensitizer agent to interact with the nega-
tively charged outer cell wall areas of bacteria, in particular
with the negatively charged lipopolysaccarides of Gram-
negative bacteria.23 Tetra-cationic porphyrins are very eﬀective
against bacteria, like TMPyP (5,10,15,20-tetrakis(1-methylpyri-
dinium-4-yl)-porphyrin tetra p-toluenesulfonate).24 Many light
sources have been applied and approved for topical photo-
dynamic tumor treatment in dermatology, such as lasers and
incoherent light sources.25 Non-coherent light sources have
the advantage of a broad emission spectrum (400 to 1000 nm)
in the visible wavelength range, which covers the absorption
spectra of many photosensitizers.
As a first step on the way to clinical application, we investi-
gated the inactivation of the pathogens in vitro. MRSA, wild-
type E. coli, EHEC and C. albicans were the microbial cells
used in this study. By using a non-coherent light source and
short incubation times of a few seconds, we aimed to achieve a
fast and eﬀective photodynamic inactivation of both bacteria
and fungi yielding more than a 3 log10 (≥99.9%) reduction.
Material and methods
Microorganisms
Biochemical analysis and resistance testing of each bacterial
strain were done with a VITEK 2 system (bioMérieux, Nuertin-
gen, Germany), according to the guidelines of the National
Committee for Clinical Laboratory Standards (NCCLS, Wayne,
PA). A clinical strain of enterohemorrhagic E. coli (EHEC)
O104:H4 isolated during the 2011 outbreak in Germany was
used as well as wildtype E. coli (ATCC 25922) as the respective
control strain. The EHEC strain HUSECO41 (O104:H4) is
characterized as follows: shiga toxine stxt1: neg; shiga toxine
sxt2: pos; intimin eae: neg; enterohaemolysine hly: neg; heavy
metal resistance terD: pos; extended-spectrum β-lactamase
(ESBL) producer: pos. The bacterial strains methicillin-
sensitive S. aureus (MSSA; ATCC 25923), methicillin-resistant
S. aureus (MRSA: ATCC BAA-44 and ATCC 43300) and E. coli
(ATCC 25922) were purchased from LGC Standards GmbH
(Wesel, Germany). All bacteria were grown aerobically at 37 °C
in Mueller-Hinton broth (Gibco Life Technologies GmbH,
Eggenstein, Germany).
The bacteria of an overnight bacteria culture (5 ml)
were harvested by centrifugation (200 g, 15 min), washed with
phosphate-buﬀered saline (PBS; Biochrom, Berlin, Germany)
at pH 7.4 containing 0.027 mol l−1 KCl and 0.14 mol l−1 NaCl,
and suspended in PBS at an optical density of 0.6 at 600 nm,
which corresponded to ∼108 bacteria ml−1, for use in the
phototoxicity experiments.
The fungus C. albicans (ATCC-MYA-273, LGC Standards
GmbH, Germany) was cultured overnight at 37 °C on a shaker
platform (200 rpm) in Sabouraud dextrose broth (SDB) (Sigma
Chemical Co., St. Louis, MO). When the cultures reached the
stationary phase of growth, the cells were harvested by cen-
trifugation (200 g, 5 min) and washed once with Dulbecco’s
phosphate-buﬀered saline (PBS without Ca2+ and Mg2+, PAA
Laboratories GmbH, Austria). Then cells were resuspended in
PBS, corresponding to approximately 5 × 107 cells ml−1.
Photosensitizer TMPyP
TMPyP (5,10,15,20-tetrakis(1-methylpyridinium-4-yl)-porphyrin
tetra p-toluenesulfonate) was purchased from Sigma Aldrich
(Taufkirchen, Germany), purity 97%. TMPyP was dissolved in
distilled water at a stock concentration of 1 mmol l−1, passed
through a 0.22 μm pore-size filter and stored at 4 °C until use.
Dilutions were done in PBS-buﬀer (PAA Laboratories GmbH,
Pasching, Austria).
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Light source and irradiation parameters
A non-coherent light source (Omnicure Series 2000, igb-tech,
Friedelsheim, Germany) was used in this study and had the
following nominative excitation filter set of 400–500 nm
(Fig. 1). The eﬀective radiant exposure of the light source was
calculated as follows (see eqn (a)):
radiant exposure
J
cm2
 
¼ power
area
 time W
cm2
 
 s ðaÞ
The tip of the lamp was fixed on a tripod at a constant dis-
tance (9 cm) from the samples. For measuring the spectra, the
emitted spectrum was recorded with a spectrometer (270M,
Jobin Yvon, Longjumeau, France) with 300 grid-lines mm−1
and a spectral resolution of approximately 0.4 nm. The detec-
tion range was 300 to 1000 nm. The recorded spectral data
were corrected regarding the spectral sensitivity of the spec-
trometer. The absorption spectrum of 10 μmol l−1 TMPyP
(Sigma-Aldrich, Taufkirchen, Germany) was measured in aqua
dest.
Detection of singlet oxygen generated by TMPyP
The ability of TMPyP to generate singlet oxygen was qualitat-
ively evaluated using a frequency-doubled Nd:YAG laser
(PhotonEnergy, Ottensoos, Germany) as previously described
at a wavelength of 532 nm.26,27 Singlet oxygen luminescence
generated by 50 μmol l−1 of TMPyP in H2O was detected with
an IR-sensitive photomultiplier (R5509-42, Hamamatsu Photo-
nics Deutschland GmbH, Herrsching, Germany) at diﬀerent
wavelengths from 1200 to 1400 nm using a monochromator
(Horiba, Yobin Yvon Inc. USA) in front of the multiplier.
Singlet oxygen luminescence in C. albicans incubated with
TMPyP
The C. albicans cell solution used for the singlet oxygen
luminescence detection diluted in PBS had a concentration of
5 × 106 ml−1. C. albicans was incubated with TMPyP gaining a
final concentration of 1 μmol l−1, 10 μmol l−1, and 100 μmol
l−1 in the solution with a volume of 2 ml of each sample.
A PBS concentration of 50% was used in each sample. Immedi-
ately after mixing cells with the photosensitizer, the samples
were illuminated in acrylic cuvettes (Sarstedt, Nümbrecht,
Germany) during magnetic stirring. The laser beam at λ =
420 nm excited the porphyrin TMPyP in its Soret band with a
frequency of f = 1 kHz and a laser power of P = 360 mW. The
singlet oxygen luminescence at 1270 nm (FWHM = 30 nm,
LOT Oriel GmbH, Darmstadt, Germany) was detected in the
near-backward direction with respect to the excitation beam
using an infrared sensitive photomultiplier. The oxygen con-
centration of the solution surrounding the cells during the
measurement was regulated with a gas-flow into the solution
which was measured with a needle sensor (MICROX TX,
PreSens GmbH, Regensburg, Germany). In order to determine
the rise and decay times of the luminescence signals, the
Levenberg–Marquardt-algorithm of Mathematica (Wolfram
Research, Champaign, USA) was used.
Phototoxicity assay of bacteria
A total of ∼108 bacterial cells per ml were placed in a 96-well
microtiter plate (100 μl per well) and incubated with diﬀerent
concentrations of TMPyP (0 μmol l−1, 1 μmol l−1, 10 μmol l−1
and 100 μmol l−1) for 10 s in the dark. Immediately at the end
of the incubation period, the bacteria were illuminated with
50 mW cm−2 for 10 or 60 s corresponding to a radiant
exposure of 0.5 J cm−2 or 3 J cm−2, respectively. Controls were
Fig. 1 Spectral emission of the light source and absorption spectra of TMPyP. The absorption spectrum of 10 μmol l−1 TMPyP (blue) is shown in the range between
350 and 650 nm (Soret band and Q-bands I–IV) and the emission spectra of the used light source in the same range between 300–700 nm (red). The emission wave-
length data of the light source were normalized to its maxima at 435.7 nm. OD: optical density of TMPyP.
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neither sensitized with TMPyP nor exposed to the light source
or were incubated with a photosensitizer only or illuminated
only. After illumination the survival of the bacteria was deter-
mined by counting the numbers of CFU per ml using the
Miles, Misra and Irwin technique.28 Serially diluted aliquots of
treated and untreated (no photosensitizer, no light) cells were
plated on Mueller-Hinton agar, and the number of CFU per ml
was counted after 24 h of incubation at 37 °C.
Phototoxicity assay of C. albicans
Candida cell suspensions of 5 × 107 cells ml−1 were incubated
in the dark with diﬀerent concentrations of the photosensiti-
zer (0 to 5 μmol l−1) for 1 min under continuous agitation.
A total of 200 μl of solution was transferred to a sterile flat-
bottomed 96-well polystyrene plate and illuminated for 4 min
(50 mW cm−2, 12.0 J cm−2). Illumination was done from the
bottom side of the 96-well plate to avoid refraction of the light
in the cell culture media. Control wells were neither sensitized
with a photosensitizer nor exposed to the light source or were
incubated with a photosensitizer only. Immediately after light
exposure, ten-fold serial dilutions in SBD broth were carried
out and aliquots of 0.1 ml were seeded onto Sabouraud
dextrose agar (SDA) for 48 h at 37 °C for determining the
number of colony forming units per ml (CFU ml−1).
Normal human epidermal keratinocytes (NHEK) cell culture
NHEK cells were purchased from Gibco Life Technologies
(Eggenstein, Germany) and seeded into a T75 cell culture flask
with 10 ml of EpiLife medium (Gibco Life Technologies) with
supplement HKGS (human keratinocyte growth supplement,
Gibco Life Technologies). Cells were incubated at 37 °C in a
humidified atmosphere with 5% CO2 (v/v). The medium was
replaced every 2 days. Cells were used for experiments after
reaching 80% confluence up to the 6th passage. Cells were
washed once with 10 ml PBS (Biochrom, Berlin, Germany) and
removed from the cell culture flask bottom with 2 ml 0.1%
trypsin–EDTA solution (Gibco Life Technologies, Eggenstein,
Germany). Cells were seeded into 96 well plates (∼10 000 cells
per well) and incubated at 37 °C and 5% CO2 overnight. On
the next day, cells were incubated with 0.5, 1, 10 or 100 μmol
l−1 TMPyP, respectively, and illuminated for 10 or 60 s with
50 mW cm−2. Afterwards TMPyP solution was removed from
each well and cells were incubated with 100 μl of fresh
medium overnight at 37 °C and 5% CO2. Aliquots of treated
and untreated (no photosensitizer with light, photosensitizer
without light, and no photosensitizer/no light) cells were used
as control values.
Cell viability assay
To evaluate the eﬀects of illumination with diﬀerent concen-
trations of TMPyP on NHEK cells, cell viability was estimated
directly by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazo-
lium bromide (MTT) test as described by Mosmann.29 Briefly,
10 μl MTT solution (stock solution of 5 mg ml−1 in PBS, stored
at −20 °C) was added to each well containing the treated/
untreated keratinocytes. For blank values 10 μl MTT was added
to 100 μl medium. After incubation for 4 h at 37 °C and 5%
CO2, 100 μl SDS solution (20%) was added to each well and
plates were again incubated at 37 °C and 5% CO2 overnight.
The absorbance of the produced formazan was recorded using
an EMax endpoint ELISA microplate reader (Molecular
Devices, USA) at 540 nm. Results were presented as percent via-
bility to the control values.
Preparation of porcine skin and tissue penetration and
localisation of TMPyP
Fresh skin from six month old female pigs was obtained from
a local slaughter house. The excised skin was washed with dis-
tilled water, epilated with a dry razor and the adipose tissue
beneath the dermis was removed with a scalpel. Then the skin
was cut under sterile conditions into 4 × 4 cm2 pieces, placed
in a Petri dish and embedded with Hepes-agar (145 mM NaCl,
5 mM KCl, 1 mM MgSO4, 10 mM Hepes, 10 mM glucose, 5%
agarose, pH 7.5). A 100 μmol l−1 TMPyP water–ethanol (9 : 1
v/v) formulation was applied on ex vivo porcine skin for 5, 15,
60 min, and 4 h under occlusion. Thereafter, samples were
frozen in liquid nitrogen and kept at −80 °C; one tissue
sample was frozen without incubation of TMPyP and served as
a control. Serial cryostat sections (5 μm) were cut upwards
from dermis to epidermis to avoid smearing and contami-
nation. At diﬀerent time points the distribution of TMPyP was
examined by fluorescence microscopy (Zeiss Axiotech, Goettin-
gen, Germany) using a dual band filter set (Omega Optical,
Brattleboro, VT, USA) for excitation (405 ± 40 nm) and
emission (600 nm long pass). Fluorescence images were super-
imposed onto the corresponding light microscopy image with
an image processing program (Image-Pro Plus 5.0; Media
Cybernetics, Silver Spring, MD, USA).
Statistical methods
All results are shown as medians, including the 25% and 75%
quartiles, which were calculated from the values of at least 3
independent experiments, each experiment was conducted in
triplicate, with Prism 4 for Windows (GraphPad Software Inc.,
San Diego, CA, USA). The calculation was referred to untreated
controls, which were neither incubated with TMPyP nor illumi-
nated, so-called dark control (black dotted horizontal line). In
Fig. 3–5, medians on or below the dotted horizontal line in red
or green represent ≥99.9% eﬃcacy or ≥99.999% of bacteria
killing corresponding to at least more than three magnitudes
or five magnitudes of log10 reduction compared to matching
untreated controls (bacteria, but no light and no photo-
sensitizer). A reduction of at least three magnitudes of log10 of
viable median numbers of bacteria was stated as biologically
relevant with regard to the guidelines of hand hygiene.30
Percentage of phototoxicity was calculated as follows
(eqn (b)):
CFU control CFU sample
CFU control
 100 ¼ % of reduction ðbÞ
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Results
Overlap of the TMPyP absorption spectrum with the emission
spectra of the non-coherent light source
Generally, light absorption by TMPyP for wavelengths above
700 nm is very low and the emission wavelengths of the light
source were detected between 400–500 nm. Therefore, the
spectral overlap of TMPyP absorption and emission of the
light source was considered in the range of 400–500 nm,
which is shown in Fig. 1. The emission spectrum of the light
source closely matches the Soret absorption peak of TMPyP
(Fig. 1).
Fig. 2 Singlet oxygen ﬁngerprint and singlet oxygen signals of TMPyP in C. albicans. (a) Combination of time resolved measurement of singlet oxygen and wave-
length scan by summing up the luminescence signals of singlet oxygen at diﬀerent wavelengths from 1200 nm to 1400 nm generated by 50 μmol l−1 TMPyP in
H2O. (b) Detection of singlet oxygen luminescence in C. albicans cells. A 2 ml suspension of 5 × 10
6 cells per ml with 10 μmol l−1 TMPyP in 50% PBS was irradiated
with laser light at 420 nm with 10k laser pulses. The signal reveals a mono-exponential rise and a bi-exponential decay component.
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Fig. 3 Photosensitized inactivation of MRSA. Survival of MRSA strains BAA-44 (A and B) or 43300 (C and D) incubated with diﬀerent TMPyP concentrations for 10 s
in the dark and followed by illumination with 50 mW cm−2 for (A and C) 10 s (0.5 J cm−2) and (B and D) 60 s (3 J cm−2). Control: bacteria alone or incubated with
TMPyP only, but not irradiated. Bars represent the median, including the 25% and 75% quartiles, of three independent experiments. Values on or below the dotted
horizontal line represent ≥99.9% (red) or ≥99.999% (green) eﬃcacy of bacteria killing, which was referred to the untreated controls (bacteria alone).
Fig. 4 Photosensitized inactivation of E. coli. Survival of E. coli incubated with diﬀerent TMPyP concentrations for 10 s in the dark and followed by illumination with
50 mW cm−2 for (A) 10 s (0.5 J cm−2) and (B) 60 s (3 J cm−2). Control: bacteria alone or incubated with TMPyP only, but not irradiated. Bars represent the median,
including the 25% and 75% quartiles, of three independent experiments. Values on or below the dotted horizontal line represent ≥99.9% (red) or ≥99.999%
(green) eﬃcacy of bacteria killing, which was referred to the untreated controls (bacteria alone).
Paper Photochemical & Photobiological Sciences
140 | Photochem. Photobiol. Sci., 2013, 12, 135–147 This journal is © The Royal Society of Chemistry and Owner Societies 2013
Pu
bl
ish
ed
 o
n 
02
 A
ug
us
t 2
01
2.
 D
ow
nl
oa
de
d 
on
 0
4/
08
/2
01
6 
09
:4
8:
02
. 
View Article Online
Singlet oxygen generation and detection
The singlet oxygen generation by TMPyP upon excitation with
visible light is shown in Fig. 2A. The combination of the spec-
tral and time-resolved distribution of the singlet-oxygen lumi-
nescence signals detected by the laser/photomultiplier-system
confirms the generation of singlet oxygen by TMPyP resulting
in a characteristic fingerprint of singlet oxygen, which is in
good agreement with already published data for singlet oxygen
in aqueous solutions.27
Singlet oxygen detection in suspension
Detection of singlet oxygen luminescence and its correspond-
ing rise and decay times in a suspension containing the inves-
tigated pathogens is a crucial factor to achieve an eﬃcient
inactivation of microorganisms. Due to the high cell concen-
trations the planktonic solutions were flooded with 0.1 l min−1
O2 and 0.4 l min
−1 N2 in order to keep a constant amount of
oxygen in the solution comparable to air-saturated water, in
order to compensate the oxygen consumption of the microor-
ganisms at this high cell concentration.
Pure TMPyP with a concentration of 10 μmol l−1 shows a rise
and decay time of tR = (2.0 ± 0.2) μs and tD = (3.5 ± 0.4) μs in
H2O, which is in accordance with already published data.
27
Here tD is the decay of singlet oxygen in H2O, tR is the decay of
the triplet-T1-state of TMPyP at an oxygen concentration of [O2]
= 2.7 × 10−4 M. In C. albicans planktonic solution only a decay
time was detected after the incubation of 1 μmol l−1 TMPyP (tD
= (9.2 ± 0.9) μs), whereas there was a rise and decay part for the
luminescence signal with 10 μmol l−1 (tR = (2.0 ± 0.2) μs, tD =
(4.8 ± 0.5) μs) and 100 μmol l−1 (tR = (2.1 ± 0.2) μs, tD = (4.2 ±
0.4) μs) TMPyP (Fig. 2B). For a 10 μmol l−1 concentration of
TMPyP the signal shows decay in a multi-exponential manner
and was fitted as a bi-exponential fit in the first part (count
5–700), and a mono-exponential fit in the second part (count
800–1500) (Fig. 2B) with a tD2 = (22 ± 2) μs. The diﬀerent rise
and decay parts indicate diﬀerent oxygen concentrations in the
surrounding for the photosensitizer and singlet oxygen, respect-
ively. This confirms that TMPyP is not only found in the water-
dominated cell surrounding, but also within the C. albicans
cells. In accordance with already published data we could detect
as well luminescence signals of singlet oxygen in bacteria sus-
pensions containing S. aureus or E. coli (data not shown).22
Phototoxicity of TMPyP-sensitized MRSA
Two MRSA strains (BAA-44 and 43 300, respectively) were illu-
minated with diﬀerent TMPyP concentrations for 10 or 60 s
in vitro. After 10 s of incubation, the cells were exposed to a
light dose of 50 mW cm−2 for 10 s (0.5 J cm−1). Hence, both
MRSA strains exhibit a ≥3 log10 (≥99.9%) killing rate when
TMPyP of 0.5 μmol l−1 was used. Incubation with higher
TMPyP concentrations (1, 10 or 100 μmol l−1) revealed a high
inactivation eﬃcacy of ≥5 log steps (≥99.999%) upon light
activation with 0.5 J cm−1 (Fig. 3A and C).
In addition, illumination for 60 s with 50 mW cm−1
(3 J cm−1) and diﬀerent TMPyP concentrations showed similar
results as mentioned above. After incubation of 10 s with
TMPyP, both BAA44 and 43 300 strains were reduced by ≥3 log
steps (≥99.9% killing rate) when incubated with 0.5 μmol l−1
TMPyP and illuminated for 60 s. The eﬃcient reduction of
viable cells was higher when both MRSA strains were exposed
to 1, 10 or 100 μmol l−1 TMPyP and a light dose of 3 J cm −2.
In this case the killing rate was ≥5 log steps, which means that
99.999% of viable cells were inactivated (Fig. 3B and D).
Incubation of all tested strains without a photosensitizer
and with or without light revealed no killing eﬀect even when
cells were exposed to a maximal radiant exposure of 3 J cm−2
(Fig. 3A–D).
Phototoxicity of TMPyP-sensitized wildtype and
enterohaemorrhagic E. coli
The EHEC strain O104:H4 and wildtype E. coli were incubated
with diﬀerent concentrations of TMPyP for only 10 s. Immedi-
ately after incubation, the bacteria were illuminated with
50 mW cm−2 for 10 s (0.5 J cm−2) or 60 s (3 J cm−2). Incubation
of wildtype E. coli with TMPyP caused a biologically relevant
decrease in CFU ml−1 upon illumination (Fig. 4). A TMPyP con-
centration of 0.5 μmol l−1 already exhibited a killing eﬃcacy
of ∼2 magnitudes of log10 reduction at a radiant exposure of
0.5 J cm−2 (Fig. 4A). Incubation with higher concentrations of
TMPyP (10 μmol l−1 or 100 μmol l−1) showed a further decrease
in bacterial survival of ≥5 log10 orders (killing eﬃcacy
≥99.999%) upon light activation with 0.5 J cm−2. In addition,
E. coli was already killed to more than 99.999% at 1 μmol l−1 of
TMPyP when the radiant exposure was increased to 3 J cm−2
(Fig. 4B).
In order to investigate whether the observed growth
reduction of E. coli was independent of the antibiotic resist-
ance pattern, an EHEC strain was photosensitized with TMPyP
for 10 s and illuminated under conditions identical to those
used for wildtype E. coli (Fig. 5). Compared to the un-irradiated
control group a biologically relevant decrease of 5 log10
(≥99.999% reduction) in CFU per ml of EHEC was detected
after incubation (1 μmol l−1 TMPyP) and irradiation with
0.5 J cm−2 (Fig. 5A).
Furthermore, illumination with 3 J cm−1 of TMPyP-sensi-
tized EHEC at concentrations identical to those in the experi-
ments mentioned before revealed a greater decrease in CFU
per ml already at a TMPyP concentration of 0.5 μmol l−1 com-
pared to an applied radiant exposure of 0.5 J cm−1 (Fig. 5A
versus 5B). Furthermore eﬄux systems may influence photody-
namic eﬃcacy in bacteria. Therefore a fluoroquinolone resist-
ant E. coli strain was photosensitized. Photodynamic killing
eﬃcacy was not influenced using such an eﬄux pump overex-
pression strain, indicating that such an antibiotic resistant
phenotype is a target for the photodynamic process (data not
shown).
Overall, all bacterial samples that were incubated without a
photosensitizer showed no impairment of growth, with or
without illumination. Obviously, the maximal radiant exposure
applied (3 J cm−2) had no antibacterial eﬀect (Fig. 4 and 5).
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Phototoxicity of TMPyP-sensitized Candida
Using the same parameters as used for bacterial cells, the best
conditions found to photokill C. albicans cells were when
the cells were 10 and 60 s with 10 μmol l−1 of TMPyP and an
illumination with 3 J cm−2. Under these conditions, the cells
suﬀered only a 2 log10 reduction in cell survival (data not
shown). Increasing the dose light to 12 J cm−2, 1 μmol l−1 of
TMPyP caused the same killing eﬀect (≥99.999%) as for the
other bacteria tested (Fig. 6).
Cell toxicity of TMPyP and light
The phototoxicity of diﬀerent concentrations of TMPyP against
human keratinocytes (NHEKs) was tested after illumination. As
shown in Table 1, incubation of NHEKs with TMPyP yielded
reduced cell viability upon illumination. However, NHEKs
incubated with 10 μM and illuminated with 0.5 J cm−2 or
3 J cm−2 did show a decrease in viability to 77.2% and 38.2%
respectively. Importantly the same parameters induced a
killing eﬃcacy of 5 log10 steps (>99.999%) (Fig. 3–5).
Tissue penetration and localization of TMPyP
In order to find appropriate parameters to inactivate micro-
organisms without harming the surrounding tissue, the
penetration and localisation of TMPyP was investigated using
an ex vivo porcine skin model. As shown by fluorescence
microscopy of skin slices, the distribution of the used TMPyP
water–ethanol formulation was restricted to the stratum
corneum without accumulation in deeper parts of the epider-
mis or dermis after 60 min of the incubation (Fig. 7). Longer
incubation (up to 4 h) did not further enhance penetration
eﬃcacy of TMPyP as determined by fluorescence microscopy
(data not shown).
Discussion
Since the dramatic worldwide increase of antibiotic resistance
both inside and outside of health care settings, new strategies
to control infection are of interest. At present, a wide variety of
antibiotics, antiseptics and disinfectants are in use where
bacteria achieve multiple drug resistance.31–33 Various studies
have shown that photodynamic inactivation of bacteria with
light in the visible wavelength range and porphyrin-based
photosensitizers, like TMPyP, exhibit significant photosensitiz-
ing activities against a broad range of pathogens only in the
presence of light and oxygen. A disadvantage might be the
long time treatments, which includes the incubation and
irradiation procedure.34,35 The results of the present study
show that the use of a commercially available light source
Fig. 6 Photosensitized inactivation of C. albicans. Survival of C. albicans incu-
bated with diﬀerent TMPyP concentrations for 60 s in the dark and followed by
illumination with 50 mW cm−2 for 240 s (12 J cm−2). Control: C. albicans alone
or incubated with TMPyP only, but not irradiated.
Fig. 5 Photosensitized inactivation of EHEC. Survival of EHEC incubated with diﬀerent TMPyP concentrations for 10 s in the dark and followed by illumination with
50 mW cm−2 for (A) 10 s (0.5 J cm−2) and (B) 60 s (3 J cm−2). Control: bacteria alone or incubated with TMPyP only, but not irradiated. Bars represent the median,
including the 25% and 75% quartiles, of three independent experiments. Values on or below the dotted horizontal line represent ≥99.9% (red) or ≥99.999%
(green) eﬃcacy of bacteria killing, which was referred to the untreated controls (bacteria alone).
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(400–500 nm) in combination with the photosensitizer TMPyP
is able to inactivate multiresistant bacteria, like MRSA and
EHEC, but also Candida albicans fast and eﬀectively at the
same time.
Using a low TMPyP concentration of 1 μmol l−1, the short
treatment time, which includes 10 s for incubation and 10 s
for irradiation, was eﬀective in killing 5 log10 of viable bacteria.
Furthermore no thermal damage of bacteria was observed,
because irradiation alone did not aﬀect viability as compared
to untreated controls (no light and no photosensitizer). Thus,
bacteria killing was solely based on photodynamic action.
Firstly, it is important that the emission spectrum of the used
light source suﬃciently matches the absorption spectra of
TMPyP. In our study, the Soret band of TMPyP absorbs eﬀec-
tively the emitted light of the non-coherent light source.
Therefore the short illumination time of 10 s was suﬃcient to
run the photodynamic process using TMPyP, which generated
reactive oxygen species such as singlet oxygen via the type-II
mechanism. In accordance with already published data, here
in this study a characteristic fingerprint of singlet oxygen was
detected upon excitation of TMPyP at 532 nm 27. The quantum
yield of singlet oxygen of TMPyP is ∼77%, which is high com-
pared to other known photosensitizers,36–38 like methylene
blue 52%39 or photofrin 36%.40 Taking these facts into
account, the eﬃcient generation of singlet oxygen by TMPyP
and the interaction of singlet oxygen with the energy-produ-
cing membrane area systems of bacteria led to a dissipation of
the membrane potential and the striking antimicrobial
eﬀect.34
Besides antimicrobial PDT, copper ions and silver ions are
used as alternative disinfectants where the use of standard dis-
infectants such as chlorine or ethylene dioxide may result in
the formation of toxic by-products or cause corrosion of sur-
faces. Both microbial tolerance and resistance to metal ions
have been reported, because resistance factors for metals tend
to be present on the same plasmids as many antibiotic resist-
ance genes.41,42 Active eﬄux of metal cations is a frequently
utilized strategy of bacteria to get resistance by lowering the
intracellular concentration to subtoxic concentrations.43 There-
fore, occurrence of resistance to antibiotics and metal ions is
possible. In addition such multiple drug resistance is spread
within the bacterial community and this situation is leading to
pathogens potentially resistant to any available antibiotic.44 In
general, photodynamic killing eﬃcacy was not influenced
using a porphyrin-based photosensitizer against either a fluoro-
quinolon resistant E. coli strain (eﬄux pump overexpression)
or its wildtype.
So far, no bacteria strain is known which has developed
resistance against the photodynamic process. Grinholc et al.
could demonstrate that various porphyrin-based photosensiti-
zers tested executed their antibacterial activity with no change
in the antibiotic resistance pattern of the studied strains.45 So
far, only the bactericidal eﬀect of photodynamic inactivation
was strain-dependent, which means that diﬀerent photo-
dynamic parameters (applied radiant exposure, concentration,
and incubation time) are necessary to achieve complete
eradication of diﬀerent methicillin-resistant and methicillin-
Table 1 Cell viability of TMPyP-illuminated NHEK
Cell viability in [%]
TMPyP 0 μM 0.5 μM 1 μM 10 μM 100 μM
+ illumination 0.5 J cm−2 100.0a 106.4 118.7 77.2 51.0
w/o illumination (dark control) 100.0a 94.5 91.9 86.8 79.5
TMPyP 0 μM 0.5 μM 1 μM 10 μM 100 μM
+ illumination 3 J cm−2 100.0a 88.7 74.6 38.2 17.9
w/o illumination (dark control) 100.0a 98.7 93.8 93.9 81.2
a Cell viability was normalised to the corresponding controls.
Fig. 7 Tissue penetration and localisation of TMPyP. 100 μl TMPyP (100 μmol
l−1), diluted in a water–ethanol (9 : 1 v/v) formulation, was incubated for 60 min
on the porcine skin under occlusion. Red: ﬂuorescence signals of TMPyP (bar
100 μm).
Photochemical & Photobiological Sciences Paper
This journal is © The Royal Society of Chemistry and Owner Societies 2013 Photochem. Photobiol. Sci., 2013, 12, 135–147 | 143
Pu
bl
ish
ed
 o
n 
02
 A
ug
us
t 2
01
2.
 D
ow
nl
oa
de
d 
on
 0
4/
08
/2
01
6 
09
:4
8:
02
. 
View Article Online
susceptible S. aureus strains tested.46 Furthermore, the strain
dependent diﬀerences of bactericidal photodynamic inacti-
vation could not be correlated either to the levels of photosen-
sitizer uptake or the pharmacological inhibition of the eﬄux
pump.47 Therefore other factors might be influencing such
observed diﬀerences in the photodynamic eﬃcacy such as
aggregation of the photosensitizer, concentration of antioxi-
dant enzymes or cellular repair proteins, but all these factors
are not responsible to diminish TMPyP induced photosensiti-
zation, because up to now there is a lack of selection of photo-
resistant bacteria after multiple photodynamic treatments.48
Thus, the advantage of such a very short photodynamic treat-
ment time of seconds is that it might not allow bacteria to
react on the photodynamic process to attain resistance.
Recently the use of bacteriophages has been investigated
as a new tool to control pathogenic microorganisms.49–52
A mixture of bacteriophages was used to inactivate EHEC
dependent on increasing values of incubation time, tempera-
ture, and multiplicity of infection units.49 At temperatures
above 12 °C there was more than a 3 log10 CFU reduction
within 10 min of applying bacteriophages on EHEC. Lower
temperatures lead to a lesser eﬃcacy of inactivation. However
other studies demonstrated that bacteriophages were able to
inactivate Salmonella enteritidis or Campylobacter jejuni under
certain conditions in the absence of or very limited bacterial
growth at low temperatures.50,53,54 In the case of photody-
namic inactivation, temperature is not a limitation factor to
achieve maximal inactivation of up to 5 log10. This could be an
advantage for the photodynamic approach to be eﬀective in
killing pathogens where low temperatures play a restrictive role
regarding food storage to prevent contamination. However out-
breaks by EHEC can be sometimes caused by contaminated
foods or clinical devices with a low number of bacteria (e.g.
<200 CFU g−1).55 Here the levels of E. coli 104:H4 used in our
study were 100 000 to 1 000 000 higher than those found in
naturally contaminated environments. Nevertheless the combi-
nation of TMPyP and blue light was successful to inactivate
such high numbers of CFU of EHEC. E. coli 104:H4 cells were
grown to stationary phase and then treated by the photo-
dynamic process. This was done to simulate a more rigorous
condition as found usually in food processing settings in
which EHEC could have been in better growing conditions
because of access to nutrients.
It is also known that bacteria are more susceptible to the
photodynamic oxidative burst during exponential phase
growth.56 Here we demonstrate that the photodynamic process
is able to kill EHEC under stationary phase conditions very
eﬃciently. However inactivation of midexpontial phase
growing EHEC would be possibly still better under these con-
ditions. It is imperative that further work is conducted to
determine whether other pathogenic bacteria, such as Salmo-
nella sp., and Listeria monocyteogenes, which are relevant in
contamination of food processing equipment and facilities,
can be inactivated by the photodynamic process.
The susceptibility of C. albicans to photodynamic inacti-
vation with TMPyP and blue light was also tested. A higher
concentration of TMPyP to kill C. albicans cells when com-
pared to the concentration needed to kill bacterial cells was
necessary. The diﬀerence in the susceptibility to photo-
dynamic killing between Gram-positive and Gram-negative
bacteria and fungi may be due to the presence of a nuclear
membrane in fungal cells protecting the nucleus and acting as
a barrier either to the penetration of photosensitizers or the
reactive oxygen species formed during the treatment. Besides,
C. albicans cells are larger than bacterial cells, presenting more
targets to be damaged, consequently the amount of reactive
oxygen species necessary to kill yeasts is much greater than
the amount necessary to kill bacteria.57,58 These results are in
agreement with the data report by Demidova et al., which
shows that C. albicans was the hardest to inactivate when com-
pared with a Gram-positive and Gram-negative strain.57
Tissue penetration and localization of TMPyP were evalu-
ated using a porcine skin model concerning the safety of a
potential topical application of TMPyP in the future. No fluore-
scence signals of TMPyP were detected inside the epidermis or
dermis which implies a “therapeutic window” for an eﬃcient
decolonisation of pathogens on the stratum corneum without
side eﬀects for the underlying tissue. Such an ex vivo skin
model can be used as a good test for human skin based
on many similarities in behaviour, renewal, physiological and
permeability properties.59,60 Inherent washing and cleaning
of skin surfaces of patients and health care workers may be
partially responsible for current problems associated with
hospital-acquired infections.61
In this study, singlet oxygen was measured directly by its
luminescence inside living Candida albicans cells for the first
time. Diﬀerent rise and decay times were measured indicating
diﬀerent oxygen concentrations in the surrounding for the
photosensitizer and singlet oxygen, respectively. This confirms
that TMPyP is not only found in the water-dominated cell
surrounding, but also within the C. albicans cells. This is in
accordance with previous data where we could detect as well
luminescence signals of singlet oxygen in bacteria suspensions
containing S. aureus or E. coli.22 This observation is important
to optimise the eﬃcacy of a given photosensitizer for inacti-
vation of multiresistant pathogens.
Besides medical application of photodynamic based anti-
microbial technology, this procedure should be also feasible in
environmental technology. Industrial disinfection needs pro-
cesses with short application times along with simplicity,
eﬃcacy and low costs. Here we could show a photodynamic
killing eﬃcacy of up to 5 log10 steps within seconds. Consider-
ing safety, the use of light activating molecules is safe due to
the used wavelengths being part of the visible light spectrum
and coupled with the fact that photodynamic inactivation
occurs only when the light is switched on does not require
additional chemical pre-treatments. The photodynamic
process for microbial inactivation makes it very attractive for
a range of potential decontamination applications, like
horizontal surfaces and items, where liquid disinfectants
cannot be used, because protection of corrosive material is
needed.
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Conclusion
Overall, the results of this study clearly demonstrate for the
first time that TMPyP in combination with visible light is able
to induce a photodynamic process to inactivate multi-resistant
bacteria like MRSA and EHEC as well as C. albicans very fast
and eﬃciently. It should be emphasized that TMPyP has no
clinical approval to be used as a medical drug. However, these
results should encourage the development of similar
porphyrin molecules with similar properties that can be
approved for use in humans in the near future. The rapid in-
activation procedure within seconds suggests that it may be
useful as an eﬀective tool for clinical and industrial purposes
where savings in time is a critical point to achieve eﬃcient
inactivation of microorganisms on applied surfaces.
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